Abstract: Cellulose fibres were prepared from N-methylmorpholine-N-oxide (NMMO) as a direct solvent. The specific chemical properties of NMMO allow in-situ silver particles to be generated during the process of cellulose dissolution. The fibres obtained contained 0.005% (50 ppm) to 3% w/w of silver. The SEM images showed that the silver particles size is in the range between 30 and 330 nm. The antibacterial properties of the cellulose fibres obtained showed their high bioactivity against E. coli and S. aureus bacteria. The mechanical properties, the size of silver crystallites and SEM images of the fibres obtained were examined.
Introduction
One of the most advanced technologies, the NMMO process, is based on the use of the N-methylmorpholine-N-oxide compound as a direct cellulose solvent. The flexibility of this method allows us to introduce various types of modifiers to change the properties of cellulose fibres. These can be modified with a water-soluble type of polymers (Niekraszewicz et al. [1] ), a water-insoluble polymer type (Cassel et al. [2] ) and an inorganic type of modifiers (Kulpinski [3] , Kaszuwara et al. [4] ). The greatest advantage of the NMMO method is the possibility of obtaining cellulose fibres with many different properties, such as conductive and magnetic fibres (Vorbach et al. [5] , Rubacha [6] ), antibacterial (Niekraszewicz [7] ) and thermo-chromic (Rubacha [8] ) fibres for various applications (Vorbach et al. [9] , Meister et al. [10] ).
Recently there have been great interest among many research groups in obtaining fibres from synthetic (Yu et al. [11] ) and natural polymers (Hipler et al. [12] ) with the antibacterial properties contained in silver.
With regard to the kind of polymer, technology applied and the type of antibacterial agent, fibres with antibacterial properties can be obtained in three different ways: (i) by directly introducing an antibacterial agent into the spinning dope (Yeo et al. [13] , Niekraszewicz [14] ) (ii) finishing (Lee et al. [15] ) (iii) grafting the antibacterial agent (Buchenska [16] ).
Considering Lyocell-type fibres, generally only the first and second of the abovelisted methods are sufficient to obtain fibres with antibacterial properties. The last method, although it can be used, is rather difficult to realise from the technological point of view.
According to Vegad (Vegad et al. [17] ), Lyocell-type antibacterial fibres can be produced by introducing chemical compounds with bioactive properties into the fibres material. This same effect can be achieved by adding silver compounds (e.g. AgCl) adsorbed onto the surface of metal oxide particles (TiO 2 ) to the spinning dope. This kind of compound can be added to the spinning dope as a paste, in the quantity of less than 1% (w/w) in ratio to the cellulose. The fibres obtained by this method have a permanent antibacterial effect, and the fibres are colorless. However, under UV radiation the silver chloride decomposes, which causes the fibres to change colour from white to grey, which may be considered as an undesirable feature of the fibres described above. Because of the modifier's relatively large particles, the above method is limited to fibres whose diameter is larger than 20 μm.
One of the commercially available cellulose fibres with antibacterial properties is SeaCell Active®, produced by the NMMO method by Zimmer & Alceru Schwarza GmbH. SeaCell Active® fibres contain seaweed, which carries minerals, amino acids, fat and vitamins. In order to obtain antibacterial properties, the fibres are loaded with a solution containing diluted silver. According to the author (Zikeli [18] ), the SeaCell Active® fibres show very good fungicidal and antibacterial activity against Staphylococcus aureus strain and Klebsiella pneumoniae.
The NMMO process allows us to introduce the dispersion of silver with different concentration and various particles size to the spinning dope; these variations will be described in the future works. In the present paper, the author has chosen an original and already patented (Kulpinski et al. [19] ) method of obtaining in situ silver particles as being of particular interest, especially as it has not yet been published.
In this paper, a one-step preparation of silver nanoparticles incorporated in the cellulose fibres is presented. Fig. 1 . Wide-angle X-ray diffraction diagram for cellulose fibres containing silver particles. The vertical lines show the positions of the reflexes on the spectrum of the elemental silver.
Results and discussion

Identification of the modifier
In order to identify the chemical nature of the modifier, the fibre samples were examined by means of wide-angle X-ray scattering spectroscopy within the range of 2Θ angles between 0 and 90°. An example of the X-ray of the modified fibres is shown in Fig. 1 . Five reflexes coming from the crystalline part of substance are visible on the X-ray. The diffraction diagrams of the modified cellulose fibres were compared with the data base of well-defined compounds (ICDD PDF-2 version 2004r). The vertical lines visible on the X-ray come from the compounds data base, and they match the sample's reflexes quite well. The search showed that the cellulose fibres contained metallic silver.
Wide-angle X-ray diffraction spectroscopy was also applied to estimate the average size of the particles/crystallites of the modifier.
Determining the silver content
To estimate the real silver content in the modified cellulose fibres, density gradient columns were applied. This method was previously applied to estimate the density of silicon dioxide nanoparticles used as a modifier for cellulose fibres (Kulpinski [3] ). In the case of cellulose fibres modified by silver, the estimation of the density of modified fibres was the starting point for calculating the contents of the silver in the cellulose fibres. The density of modified cellulose fibres is the result of the density and contents of the modifier and cellulose as well. This system consists of tiny metal particles, that is, the crystalline inorganic phase together with the polymeric matrix, which contains amorphous parts as well as partially crystalline areas. Taking into consideration the fact that the concentration and the degree of fineness of the metal particles can affect the structure of polymeric matrix, this system could be even more complicated. Unfortunately, it is effectively impossible to clearly and precise estimate the influence of the modifier on the structure of fibres, for example, its influence on the degree of crystallinity of the fibres. It should be considered possible that the silver particles can affect the solidification and crystallisation of cellulose fibres during the spinning process, which means that the degree of crystallinity of fibres may finally affect the value of density of obtained fibres. Being aware of the above factors, the density of the cellulose fibres with different concentrations of silver was determined in density gradient columns containing a mixture of toluene and tetrachloride carbon. For all calculations of silver contents, the density of elemental silver (Kirk-Othmer [20] ) was assumed as 10.45 g/cm 3 . The data obtained is shown in Tab. 1.
Tab. 1.
Theoretical silver contents, density of modified fibres, and calculated silver contents in the cellulose fibres. According to the data shown in Tab. 1, the correlation between the calculated silver contents in the cellulose fibres and the theoretical silver contents in the cellulose fibres is very strong. In all cases, the calculated silver contents values are slightly higher than the theoretical values. The differences can be partially explained by the limited precision of the applied method. We may consider that the presence of the metal particles in the spinning dope could have affected the structure of the cellulose fibres, in this case increasing the total degree of crystallinity. This would result in an increase in the density of fibres, which in turn would finally affect the calculations. Based on the calculations, it can be stated that all the quantity of the silver introduced during the cellulose dissolution process in NMMO remains in the cellulose fibres. However, the cellulose fibres containing 50 and 100 ppm of the silver were obtained; the accuracy of the density gradient column does not allow precise determination of the silver content. Thus, in Fig. 1 the results for the above fibres were omitted.
Estimating the average size of the silver crystallites
The average size of the crystallites from the silver particles was estimated by Scherrer's method (Klug [21] ). Appropriate peaks related to the silver signal were chosen from the spectrum obtained. The peak parameters (i.e. their position and FWHM value) were estimated by the pseudo-Voigt function fitted to the spectrum. The average crystallite size is the arithmetic mean of the crystalline diameter estimated for a single peak.
According to the data given in Fig. 2 , the size of the silver crystallites strongly depends on the silver concentration in the spinning dope, while other parameters such as the silver nitrate concentration and the amounts of cellulose, NMMO and antioxidant were similar in every dissolution process. The experiments carried out by the wide-angle X-ray method only allow us to estimate the size of the silver crystallites. Unfortunately, based on these experiments it has not been possible to say anything about the size of the silver particles. The currently applied techniques show that the lower the concentration of silver particles in the cellulose matrix, the more difficult and less precisely we can estimate the particle size. For the concentration of silver in the cellulose fibre material below 0.1%, a sudden drop in the crystallites size was observed. For samples with a concentration of modifier below 0.1%, we observed that the significant reflexes widened and that peak intensity drastically decreased. This may suggest that the modifier in the fibres has a very high degree of dispersion. Determining the parameters for wide and low-intensity peaks became more difficult and less precise, which made our calculations less precise and increasingly unreliable. For the samples containing below 0.1% of silver particles, the above method of estimating the crystallite size is not suitable.
Mechanical properties of cellulose fibres modified by silver nanoparticles
We examined the influence of the concentration of different silver particles on the mechanical properties of the fibres. The cellulose fibres' mechanical properties were checked on a Zwick tensile testing machine. The tenacity and ultimate elongation of the cellulose fibres containing silver particles are shown in Fig.s 3 and 4 . As was expected, the tenacity of the cellulose fibres decreased when the concentration of silver particles rose. However, it is quite surprising that the addition of 3% (w/w) silver caused a drop of about 20% in the tenacity of the modified fibres. This effect is probably caused by the drop of the polymerization degree of the cellulose. The presence of a relatively large amount of small metal particles may also influence the structure of the fibres disturbing the regions of parallel-oriented macromolecules, which is commonly known to be responsible for the mechanical properties of the fibres. Three factors, the decrease in the molecular weight of the cellulose, together with the rising concentration of the non-fibrous material and the disordering of the fibre structure, cause the fibre mechanical properties to deteriorate. However, for higher concentration of silver particles, a drop in mechanical properties is observed, but as was shown in section devoted to the bioactivity of the fibres, sufficient amount of silver in the cellulose fibres is about 0.01% for E. coli, and 0.05% for S. aureus bacteria respectively. These amounts of silver do not cause any significant drop in the tenacity and elongation of the modified fibres.
Scanning electron microscope
To estimate the size of the silver particles in the modified cellulose fibres, the scanning electron microscopy (SEM) technique called low vacuum was applied. This technique allows us not only to observe just those objects which are on the surface of the sample, but also to distinguish some of the particles lying below the sample's surface. Because the cellulose and silver reflect and diffuse the electron beam totally differently, the contrast of two materials is rather high, and the silver particles are very easily visible in the SEM images.
The data obtained from the cross-section images of modified cellulose fibres once again confirm the presence of metallic particles in the cellulose matrix. The silver particles are statistically distributed in the cellulose matrix, as is most readily visible in images c) and d) of Fig. 5 . It is clear that together with the increasing concentration of the modifier the amount of relatively big particles between 150 and 300nm also increases. Based on the results obtained from the wide-angle X-ray spectroscopy and from the SEM images, it can be stated that the silver particles consist of crystallites. The higher the concentration of the modifier, the greater is the sizes of the particles and the crystallites. This effect can be explained by the fact of the relatively high surface energy of silver, which caused the tendency toward particle agglomeration. On the basis of the SEM images of the obtained cellulose fibres containing 3% of silver particles, the particle size distribution was estimated, as shown in Fig. 6 . According to Fig. 6 for the cellulose fibres containing 3% of the modifier, the diameters of about 40% of the silver particles population are below 100 nm. Most of the particles (about 70% of the population) have diameters in the range between 70 and 140 nm. However, the estimation of the distribution of the silver particles for the lower concentrations is difficult, but on the basis of the results obtained from the wide-angle X-ray method for the lower concentrations of the modifier which points to a decrease of the crystallite sizes, it is implied that the average diameter of the silver particles also decrease.
Estimating the bioactivity of cellulose fibres containing silver particles
The main purpose of the present research was to estimate the bioactivity of the cellulose fibres containing silver particles. The tests for E. coli (Gram-negative bacteria) and S. aureus (Gram-positive bacteria) were carried out. For each sample of the cellulose fibres, the bacteriostatic (BS) and bactericidal (BC) values were calculated. The BS value is expressed by formula (1):
where M b is the amount of bacteria after 24 h inoculation of sample fibres without a modifier, and M c is the amount of bacteria after 24 h inoculation of sample with a certain amount of modifier.
The BC value is calculated by using the following formula (2):
where M a is the amount of bacteria recovered from the inoculated sample fibres without modifier at the beginning of the contact time.
In another words, the bacteriostatic (BS) value shows the ability of the sample containing the bioactive substance to stop the reproduction of bacteria, while the bactericidal (BC) value shows the ability of the sample to kill the bacteria. The data of the cellulose fibre bioactivity is shown in Tab.s 2 and 3.
Tab. 2. Bacteriostatic value (BS)
, and bactericidal value (BC) of cellulose fibres containing silver particles against E. coli. The data presented in Tab.s 2 and 3 show that most of the cellulose fibres contained silver particles have strong bacteriostatic and bactericidal activity against both E. coli and S. aureus bacteria. According to the division of antibacterial activity proposed by Zikeli [17] , the cellulose fibres obtained containing 50 ppm of silver particles have a slight antibacterial activity against E. coli, and none against S. aureus bacteria. Strong activity against E. coli is shown by all fibres with a silver concentration higher than 100 ppm. As for activity against S. aureus bacteria, fibres with concentration of 100 ppm of silver particles show significant activity. Fibres containing more than 500 ppm of silver show strong activity. Based on the presented data, it can be stated that the cellulose fibres containing silver have sufficient bioactivity to act against both E. coli or S. aureus, and the most effective concentration of silver is about 100 ppm.
Conclusions
Cellulose fibres with silver nanoparticles were prepared, with the concentration of nanoparticles in the cellulose fibres varying from 0.005% to 3% (50 -30,000 ppm). The properties of the NMMO solvent and the flexibility of the process allows us to generate in situ silver nanoparticles in a very simple way, by simply adding a suitable amount of silver nitrate water solution to the spinning dope. An examination of the fibres by means of the wide-angle X-ray spectroscopy method proved that the modifier is elemental silver. The calculations made on the basis of the results obtained from wide-angle X-ray spectroscopy showed that the particles of silver consist of crystallites, whose size strongly depended on the silver concentration in the fibre material. However, the calculations suggest that the size of silver crystallites is below 20 nm, but the SEM images showed that the silver particles' size is in the range between 30 and 330 nm.
The antibacterial properties of the cellulose fibres obtained showed their high bioactivity against E. coli and S. aureus bacteria. Fibres containing about 100 ppm of silver nanoparticles show high bacteriostatic and bactericidal activity against E. coli. According to the results obtained, the cellulose fibres consisting of about 500 ppm of silver nano-particles showed bacteriostatic and bactericidal activity against S. aureus.
Concentrations of over 0.25% (2500 ppm) of silver particles in the cellulose fibres caused a decrease in mechanical properties. As for antibacterial properties, a far lower concentration of silver particles is sufficient, which does not cause a drastic drop in the mechanical properties of the fibres.
From the practical and economical points of view, the application of the lowest possible concentration of the silver in the fibre material is more desirable. The low concentration of the modifier lowers the price of the fibres, while not deteriorating the mechanical properties of fibres or causing changes in the modified fibres colour.
From the technological point of view, modifying the cellulose fibres' properties by adding the water solution of silver nitrate to the spinning dope is very simple and function as a kind of one-step operation. The low concentration of silver nitrate does not affect the process of cellulose dissolution in NMMO. According to the experiments carried out by the author, the silver nitrate solution can be added straight to the NMMO before the dissolution process, as well as at the beginning of the cellulose dissolution, or at the end of the process when the cellulose is almost dissolved.
However, some more detailed research, such as the durability of the silver modifier in the cellulose fibres, antimycotic effects, bioactivity against other bacteria, and the optimum parameters to obtain the most active silver concentration must be carried out in the future. Nevertheless, on the basis of the results presented in this paper, it can be stated that the method of in situ generation of silver nanoparticles during the NMMO process is very promising, and should be developed in the future.
Experimental part
Materials
To prepare the cellulose fibres, cellulose with a polymerization degree (DP) of about 810 was used.
A 50% water solution of NMMO was purchased from Hustman (Hustman Holland BV) (Rotterdam, The Netherlands). The antioxidant propyl ester of gallic acid (Tenox ® PG) was purchased from Aldrich Chemical Co. Ltd (Gillingham, Dorset, UK).
Silver nitrate (pure, POCH S.A. Gliwice, Poland) was used as the silver precursor.
Instrumentation
The spinning dopes were made using a laboratory-scale knitter Ika-Visc® Measuring Kneader MKD 0.6-H60 from IKA-Analysentechnik, (Heitersheim, Germany), and a small spinning device was used for the preparation of cellulose fibres.
Room-temperature powder X-ray diffraction patterns were collected using a PANalytical X'Pert Pro MPD diffractometer. The X-ray source was a long fine-focus copper X-ray diffraction tube operating at 40 KV and 30 mA. Data were collected within the range 5-90° 2Θ  with a step of 0.0167°. We used an X'Celerator detector based on Real Time Multiple Strip technology, capable of simultaneously measuring the intensities in the 2Θ range of 2.122°.
The mechanical properties of the cellulose fibres were checked according to the ISO standard no 5079:1995(E) on the Zwick Z2.5/TN1S tensile testing machine (Ulm, Germany). The measurement regime of the tensile testing machine was applied according to the ISO standard no 5079:1995(E). A JEOL 5200 LV scanning electron microscope (Tokyo, Japan) was used to examine the structure of the fibres obtained.
A computer image analyser was used to estimate the frequency distribution of silver particles in the cellulose fibres. The data was analysed using Screen Measurement 32G/Mutech software.
The density measurement of the fibres was made in the calibrated gradient column filled with the mixture of toluene and tetrachloride. The measurement was done according to the standard PN84/P-04752.
Preparation of the cellulose fibres
The cellulose fibres were prepared by means of NMMO method. The spinning dope was prepared as follows: spruce cellulose was mixed with a 50% water solution of NMMO, and then the antioxidant (1% w/w calc. for α-cellulose content) was added.
The water solution of silver nitrate was added to the starting mixture of cellulose and 50% of NMMO in such a quantity as to reach a suitable concentration between 0.005-3.0% w/w (50-30.000 ppm) of metallic silver in the dry cellulose fibres. The mixture of the cellulose, NMMO and modifier was vigorously stirred and heated, and the excess of water was removed under low-pressure conditions. The process was continued until the appropriate quantity of water was collected and a homogenous solution of cellulose was obtained.
The cellulose fibres were obtained by means of the dry-wet spinning method as follows: the cellulose solution in NMMO was placed into the spinning device, and then pressed out by a piston moving at constant velocity. The spinning solution was spun from an 18 hole spinneret. The cellulose fibres were solidified in a coagulation bath containing cold water, then washed in a hot water bath, dried, and examined.
